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ABSTRACT

Armillaria root rot (ARR), primarily caused by the soilborne fungus
Desarmillaria tabescens, has become the number one cause for peach tree decline in the
Southeastern United States. Research has shown that planting peach trees on shallow
berms and excavating the soil around the root collar two years after planting lessens the
effects of ARR. However, berms make orchard operations such as pruning, thinning, and
harvesting more cumbersome and cause cultural concerns as channels of water at their
base can lead to erosion and the slope of the berms leads to herbicide and fertilizer
runoff. The objective of this research was to develop an implement that would flatten soil
between peach trees planted on berms after two passes. A rotary tillage tool (paddle
wheel) with paddles 20.3 cm in height and 30.5 cm in length was designed and retrofitted
on a mechanical weeder that removes the soil with a rotary head. A hydraulic flow meter,
an RTK-GPS receiver, and a wireless data acquisition system were installed to monitor
the rotational speed and the ground speed. The effects of paddle wheel rotational speed
(132, 177, 204 RPM) and tractor ground speed (1.65, 2.255, 3.08 km/h) on torque
requirement of the paddle wheel and the smoothness of the soil were determined in two
orchards. The experiments showed that a ground speed of 3 km/h and rotational speed of
177 RPM provides the smoothest soil surface with minimum torque requirement in this
soil type.
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CHAPTER ONE
INTRODUCTION

Armillaria Root Rot (ARR) or Oak Root Rot (a lethal disease to Prunus species)
is caused by the soil-borne fungus Desarmillaria tabescens and in some cases Armillaria
mellea (in the southeastern United States). It is a disease that is responsible for most of
the premature peach (Prunus persica) tree decline in South Carolina, Georgia and other
southeastern states (Miller et al., 2020; Schnabel et al., 2005). The soil-borne fungus
infects roots of peach trees eventually moving up to the root collar and girdling the tree
causing death under standard management practices. D. tabescens and A. mellea can
persist in the soil for long periods of time making the management of the disease even
more difficult, especially in sites that have had infected plant hosts in the past, such as
areas under heavy peach production. The fungi have a large host range including a
variety of fruit and nut crops, ornamentals, and native oaks (McLaughlin, 2001). There
are no known cost-effective chemical control options for ARR, though many fungicides
have been tested (Devotka et al., 2020; Kedves et al., 2021; Miller et al., 2020; Schnabel
et al., 2011; Amiri et al., 2008; Adaskaveg et al., 1999). With a widespread host range
and a multitude of land peaches have been planted on for generations infested with the
fungi planting on unaffected land has become more and more difficult.
To better understand how the D. tabescens damages in peach orchards work,
identification of the species needs to be done as well as further study of what makes the
fungi so effective as a parasite. Schnabel et al. (2005) worked to identify and characterize
D. tabescens in southeastern United States. Short-term and long-term solutions to reduce
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the impact of ARR in peaches are being investigated and these include chemical, genetic
and cultural practices.
Chemical and Biological Solutions
Through the years, chemical control methods for Desarmillaria/ Armillaria
species have been tested. Unfortunately, there are no viable options for chemical control
of these fungi and their effect of ARR. Adaskaveg et al. (1999) trialed sodium
tetrathiocarbonate and propiconazole for management of ARR of almonds on peach
rootstock. Sodium tetrathiocarbonate was “not effective in suppressing the decline or
preventing the death of trees from Armillaria root rot” and, though propiconazole had
some inhibitive effects on the growth of mycelium, the fungus was able to still survive
(Adaskaveg et al., 1999). Amiri et al. (2008) studied the effects of propiconazole through
intravascular trunk infusion. Initially in this study, in-vitro fungicide testing was done to
confirm that propiconazole was the best option for field studies. In the in-vitro testing,
propiconazole inhibited mycelial growth 50% at a concentration of 0.6 μg/ml (EC50
value) (Amiri et al., 2008). Other active ingredients in this study that were tested include
azoxystrobin, boscalid, cyprodinil, copper sulfate mixed with mancozeb, phosphorous
acid, and O-ethyl phosphate, which all had EC50 values of over 1000 μg/ml meaning it
took a concentration of at least 1000 μg/ml to inhibit mycelial growth 50% (Amiri et al.,
2008). The next closest chemical to propiconazole in relation to EC50 value was a mix of
carboxin and thiram which had an EC50 of 13.7 μg/ml for the isolate from Oconee county,
SC (Amiri et al., 2008). Propiconazole had some effect via trunk infusion in peach trees,
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but the cost of performing this operation on a large scale is not economically feasible
(Amiri et al., 2008).
Schnabel et al. (2011) found that drenching of Trichoderma spp. was ineffective
in controlling ARR in peaches after a four-year study using Remedier WP (Isagro S.p.A.,
Milan, Italy) which contains a mixture of Trichoderma asperellum and Trichoderma
gamsii. Another chemical that has been used in the past is methyl bromide (Larue et al.,
1962). Methyl bromide was used as a soil fumigant at preplant and had some positive
effect, but the chemical is no longer in use.
Armillaria mellea causes white root rot in grapevines (Kedves et al., 2021) and
there have been some studies looking into the possibility of fungicide use for treatment
and prevention of the disease. Aguín et al. (2006) found that cyproconazole could be used
to prevent and control white root rot through soil injection, where they found that
mycelial growth was inhibited by 67-72% at the lowest dose. However, soil injection is a
time-consuming task and may be cost prohibitive. Azole fungicides are used in peach
production for plant protection throughout the growing season, so adding another
application of a similar chemical class is not good practice for resistance management
(Hof, 2001).
Genetic Solutions
The focus on development of peach tree rootstocks has shifted from resistance to
peach tree short life (PTSL) to an emphasis on resistance to ARR in the last years.
Clemson University and USDA Agricultural Research Service jointly released
‘Guardian’ rootstock in 1993 (Beckman and Chaparro, 2015). The release of Guardian
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led to a drastic decline in the incidence of PTSL, followed by a predicted increase in
ARR incidence as ARR became the number one cause for premature peach tree mortality
(Beckman et al., 1997). Rootstock development with a focus on ARR resistance has had
some minor success so far, with the release of ‘MP-29’, a clonally propagated plum x
peach interspecific hybrid (Beckman and Chaparro, 2015). ‘MP-29’ was cooperatively
released in 2011 by the University of Florida and USDA-ARS and has shown to have
disease resistance to all major diseases endemic to peach trees in the southeastern United
States as well as resistance to several root-knot nematodes, while also producing
comparable yields to ‘Guardian’ (Beckman et al., 2019). Comparable yields to
‘Guardian’ are not seen as quickly as they would be seen in ‘Guardian’, thought. The
‘MP-29’ rootstock is a “dwarfing” rootstock. Meaning the trees are inherently smaller
naturally, so trees would need to be planted at higher density to see comparable yields to
‘Guardian’. Alternatively, after several years trees grafted on ‘MP-29’ at standard
spacing will grow to the size of ‘Guardian’ where comparable yields can be achieved.
Also, ‘MP-29’ grafted trees tend to “sucker” more or send out new growth from the roots.
Most of the “suckers” from ‘MP-29’ grafted trees extend away from the base of the tree
where they can be exposed to herbicide applications, increasing the risk of herbicide
damage to the tree. Finally, ease of propagation does not favor ‘MP-29’ since
micropropagation or propagation from cuttings is required (Adelberg et al., 2021), which
increases the time and cost of production for nurseries. Micropropagation, or propagation
from tissue culture, involves growing plants in a sterile environment that many nurseries
do not have access to.
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Cultural Solutions
One commonly used cultural control method for ARR is the removal of inoculum
by “root raking” orchards after trees are removed. After tree removal, deep plowing and
raking is performed, then root pieces are gathered and burned or disposed of in another
manner to rid the field of potential hosts of the fungus. While this cultural method helps
rid the fields of some inoculum, several root pieces will inevitably be left behind and
some may not be reached as they are buried more deeply than plows will reach. With
small root pieces being left behind every time an orchard is removed, ARR steadily
accumulates over time as peach monoculture encourages steady progression of the fungal
presence.
Another cultural method to extend the productive life of trees planted in sites
known to host these fungal pathogens was developed. Schnabel et al. (2012) tested the
hypothesis that exposing the root collar of peach trees would lead to a reduction in tree
decline due to ARR. In the Schnabel et al. (2012) study Smart Pots (High Caliper
Growing, Oklahoma City, OK, U.S.A.) were used that kept the peach tree roots above
ground and some trees had the root collars excavated in the field. This study found that
by exposing the tree’s roots to the air there was significant reduction in ARR related tree
decline. This soil removal process is called root collar excavation (RCE). A similar study
was performed by Kendra Baumgartner (2004) looking at postinfection control of
armillaria root diseases in grapevines. Baumgartner (2004) found that exposing the root
collar of grapevines to higher temperatures and a drier local environment may kill or
inhibit A. mellea in infected wood.
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Currently, peach producers plant trees on raised berms and allow the trees to grow
for two to three years before removing the soil around the root collar of the trees to
expose the upper part of the roots to the air. Exposing the upper roots and root collar to
the air lessens the impact of ARR by slowing the movement of the fungus up the roots to
the trunk which would girdle the tree more quickly (Miller et al., 2020). Berms are
created in a variety of different ways by growers, but the most efficient way is with a
berm plow used to make levees in rice production. Clemson University’s Musser Fruit
Research Center with the help of extension agent, Greg Henderson, modified an AMCO
Manufacturing LF6 (Yazoo City, MS) levee plow to have a roller/ packer wheel to
compact the berms as they are made providing a good medium for planting of trees. The
modified berm plow (Figure 1.1a) can be used to make berms of ideal height and width in
two passes. The ideal height and width of berms according to Miller et al. (2020) is 45
cm and 90 cm, respectively. This plow is available to peach growers in South Carolina to
prepare their fields for planting thanks to a 2016 USDA Specialty Crop Multi State
Program Grant shared with the Pennsylvania Department of Agriculture, Clemson
University, and the University of Georgia with the goal of evaluating short and long-term
solutions for Armillaria Root Rot affecting forest and fruit tree crops (USDA-AMS,
2016). Other options used to prepare berms include rear mounted “scrape blades” at an
angle pulling soil up into a row or pushing soil with a front mounted “scrape blade” with
the same methodology (Figure 1.1b).
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Figure 1.1 Top: berm plow (a), bottom: scrape blade (b) used to create berms.
Advantages of Berms
Planting trees on berms facilitates the process of RCE after tree establishment
(Miller et al., 2020) and reduces the likelihood of runoff or other natural events filling in
the excavated root collar as Baumgartner (2004) experienced in RCE of grapevines.
Leaving the trees in the berms for two years before berm removal and RCE allows the
roots to establish and mature making trees less susceptible to lodging (leaning due to
wind or other natural events) or damage from herbicide application (Miller et al., 2020).
Shallow planting on berms also eliminates “deep planting,” a common problem for
growers leading to a more uniform stand of trees. Shallower planting in berms also leads
to more vigorous growth due to an increase in oxygen availability to the roots and higher
soil temperatures.
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Culturally, planting trees on berms provides some benefit in prevention of ARR
itself. Trees planted on berms experience a slightly different microclimate than trees
planted traditionally in the soil. Previous research has been done to determine the effect
of moisture and oxygen availability on Armillaria/ Desarmillaria species. Mihail et al.
(2002) studied the moisture and oxygen availability effect on rhizomorph generation of
D. tabescens compared to A. gallica and A. mellea. Mihail et al. (2002) determined that
D. tabescens needs oxygen and water for rhizomorph production. Though this study was
performed in vitro, the results still provide valuable data. Munnecke et al. (1976) put A.
mellea infected plant pieces in various dry and hot conditions and found that the A.
mellea fungus was affected by the heating and drying treatments. However, Rishbeth
(1978) found that D. tabescens was able to handle warmer soil temperatures than A.
mellea. Another study was performed with a different species of Trichoderma in
combination with air spading (using compressed air to expose the root collar). Percival et
al. (2011) used strawberries cv Cambridge and exposed roots to the air via air spading
and injecting Trichoderma harzianum in some treatments. It was found in this study that
the air spading helped eradicate the fungus from the soil (Percival et al., 2011).
Disadvantages of Berms
While berms provide many benefits the slope of the berms has a negative impact
on several orchard operations including fertilizer applications, herbicide applications, and
worker comfort and safety while performing pruning, thinning, and picking tasks.
Fertilizer and herbicide runoff are two of the most negative impacts that peach
trees planted on berms face. While there is no literature of berms on fertilizer/herbicide
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runoff of fruit orchards, several agricultural crops are planted on berms, hills or raised
beds/ridges including potatoes, strawberries, and row crops like corn. Potatoes are almost
strictly planted in sandy soil so the tubers can penetrate the soil without much resistance.
With sandy soil comes runoff and water infiltration problems that lead to displaced
fertilizer and herbicide and less soil moisture in the berms. Some studies have been done
to evaluate the effect of hill shape on water infiltration and runoff (Jordan et al., 2013;
Chow and Rees, 1994; Marian et al., 2013; Donohue, 1990; Saffigna et al., 1976).
Donohue (1990) measured furrow water infiltration to be three to four times greater than
hill infiltration, and Chow and Rees (1994) measured runoff to double in hilled plots
compared to unhilled plots (Jordan et al., 2013). Robinson (1999) and Cooley et al.
(2007) found that less infiltration in hilled plantings of potatoes can bring about dry
conditions in the hills which could lead water stress, but Saffigna et al. (1976) noted that
this would lead to a reduction in loss of soluble nutrients within the hill (Jordan et al.,
2013). Potatoes have roughly 85% of their roots in the top 30 cm of soil within the hill, so
nutrient allocation and soil moisture within the hill are important factors (Lesczynski and
Tanner, 1976; Gregory and Simmonds, 1992; Jordan et al., 2013).
While peach tree roots have been detected as deep as 114 cm most roots are found
in the top 50 cm of the soil with few roots found below 60 cm (Glenn and Welker, 1993;
Godara et al., 2000; Cox et al., 2005). Although there has not been published research on
the distribution of peach tree roots when planted in berms, roots tend to follow the berms
up and down the row but remain below the bottom of the berm (personal observation).
See Figure 1.2 below as an example of root distribution within a berm while peach tree is
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being removed and Figure 1.3 for an example of the root distribution after cleaning soil
off the roots.

Figure 1.2. Peach tree being removed from berm.

Figure 1.3. Cleaned off roots from peach tree show how roots follow berm.
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Although there has not been published work on the decline in worker comfort and
safety performing field operations on trees planted on berms, personal observations and
comments from field workers have confirmed that these operations are more strenuous
and less safe. Ascending and descending the berms several times a day, multiple times
annually opens the opportunity for worker injury.
In addition, berms create issues in orchards related to drainage. There are often
channels formed at the base of the berms that leads to runoff. Drainage issues occur
where water pools in low lying areas of an orchard leading to poor drainage and hazards
to equipment/ worker traffic.
The soil between trees is typically removed with shovels and other hand tools or a
front-end loader with a bucket attachment “back-dragging”, which is guiding the bucket
of the tractor over the soil and driving in reverse to move the soil away from the rows.
The removal of soil between trees is a labor-intensive process when done by hand with
hand tools and quite destructive to the soil in the row middles when done with a front-end
loader with a bucket attachment. Some producers leave the berms in between the trees
because of these drawbacks.

Mechanical Solutions to Berm Removal
To address the need for a more efficient method of berm removal, an implement
was designed to remove the soil in one pass on each side of a row of peach trees planted
on berms. This machine is called a “debermer”. The machine was tested to determine
optimal operating conditions with the current designs to establish the most cost-effective
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settings tested. Two variables were tested to make this optimization: the tractor ground
speed and the rotational speed of a specially designed “paddle wheel.” The faster the
tractor ground speed used the more quickly the berm removal job can be completed. The
response variables measured were torque and soil smoothness. The power requirement
was also determined, but the torque requirement was deemed to be more important than
power in equipment design as the power requirement is easily met by modern tractors.
However, the power requirement relates to the fuel efficiency of the tractor. A lower
power requirement will lead to less volume of fuel consumed per operating hour.
It is important to determine the torque and power requirement of the paddle wheel
to know design requirements for future improvements on the current design. When
determining the torque requirement, experimental measurements and theoretical
calculations are both valuable and useful. Theoretical calculations can be accomplished
by using the known capabilities of the machine’s components combined with the
designed paddle wheel size and shape. Experimental measurements can be done in the
field or in a testing area designed for specific machines.
A similar machine design in terms of rotational force applied to soil would be a
rotary tiller. In rotary tiller design, some experiments have been conducted in the field
(Salokhe and Ramalingam, 2002), while some were conducted in specialized testing
facilities (Matin et al., 2015; Matin et al., 2021; Ahmadi and Beigi, 2020). Some rotary
tiller designs were determined through calculations (Zareiforoush et al., 2010). The
design of rotary tillers differs slightly from the design of this debermer in that rotary
tillers are pulled behind a tractor, dig into the soil vertically, and have the goal of

12

pulverizing the soil to a fine tilth ideal for seed planting. However, with the debermer
design the goal is to move soil horizontally away from the berms between peach trees
into the row middle. Although there are differences, there are similarities as well
including a rotational force acting on resistance in the soil and the forward speed of the
tractor playing a role in the torque and power requirements.
The root collar excavation (RCE) process is done with an air spade and shovels.
The goal of root collar excavation is to remove the soil around the soil line of the trunk
and the root collar “at an approximately 80-cm radius from the trunk and 25-cm soil
depth” (Miller et al., 2020). There should be enough soil removed to expose the upper 5
to 10 cm of the main roots of the peach trees (Miller et al., 2020).
The AirSpade 2000 provides focused air at a range of 0.7 m3/min to 6.4 m3/min
depending on the nozzle installed. The recommended model is the AirSpade 2000
Arborist/Landscaper Kit -105 cfm (Guardair Corporation, Chicopee, MA, U.S.A)
according to Miller et al. (2020).

Objectives
The overall objective of this research is to develop an implement that will
mechanize the removal of the soil between peach trees planted on berms leaving a level
surface between the trees more cost-effectively than current methods. The specific
objectives to reach this goal are:
•

To design a paddle wheel that will be retrofitted on a commercially available
organic weed removal machine.
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•

Integrate sensors that allow monitoring of rotational speed of the paddle wheel
and ground speed wirelessly through a data acquisition system.

•

To test the machine in the field and optimize the machine to completely flatten the
soil between the peach trees in one pass on each side of the row.
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CHAPTER TWO
MATERIALS AND METHODS
Equipment Design
To design this equipment, a Weed Badger 2030 (Weed Badger, Marion, ND,
U.S.A.) was used as the frame for the design. A similar design was developed at
Michigan State University with a Weed Badger (Zabadal et al., 2004). The Weed Badger
2030 is a three-point hitch mounted implement that was originally designed for organic
weed removal. The machine is powered by a hydraulic pump mounted and driven by the
tractor’s power take off (PTO) shaft. The original hydraulic pump had a leak in the
housing and was replaced with an identical Prince Manufacturing Corporation (North
Sioux City, SD) HC-PTO-1AC gear pump capable of providing 79.49 L/min flow rate on
a standard 6 spline 540 RPM PTO shaft. The hydraulic pump provides hydraulic power
to a Torqmotor ME (Model # ME180208AAAA, TRW Ross – Parker Hannifin Co.,
Cleveland, Ohio) hydraulic motor attached at the end of an arm to the right side of the
tractor. The Torqmotor ME used on the Weed Badger is no longer a product available
through Parker Hannifin, but a suitable replacement from Parker Hannifin would be
model # TG0280US080AAAA. Both hydraulic motors have a displacement of 280 cm3/
revolution, are capable of 334 RPM, 76 L/min constant, 95 L/min intermittent, 207 bar
constant, 276 bar intermittent, max supply pressure of 300 bar, max torque of 796 Nm
constant, 1073 Nm intermittent, max power of 31 kW and have a minimum starting
torque of 675 Nm constant and 870 Nm intermittent. The Weed Badger came with an
analog flow control valve (Model # RD-175-30, Prince Manufacturing Co., North Sioux
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City, SD) and mechanical pressure control valve (Model #RV-2H, Prince Manufacturing
Co., North Sioux City, SD). The analog flow control/relief valve is capable of adjusting
the flow rate from 0 L/min to 113.56 L/min at a maximum pressure of 206.84 bar. The
mechanical pressure control/ relief valve can be adjusted to allow 103.42 bar to 206.84
bar of pressure with a standard relief valve setting of 137.89 bar at 37.85 L/min. The
hydraulic motor, flow control valve and pressure control/relief valve were left in place
and used with the final design.
Modifying the Weed Badger 2030
The Weed Badger initially had a hydraulic directional control valve that ran in
conjunction with the machines hydraulics to control the movement in and out of the
implement head, but the controls were cumbersome and weakened the hydraulic power
capabilities (Zabadal et al., 2004), so changes were made. The original design involved
four hydraulic lines on a mechanical directional control valve. Conversions were made so
the hydraulic cylinder utilizes the tractor’s hydraulic system. This conversion cut down
on the bulk of the four-line actuator that had to come into the back of the tractor’s cab
and hydraulic power consumption. This also allowed for controlled retraction and
extension rate of the hydraulic cylinder which was determined to be a crucial component
of operating this machine. Another important outcome of utilizing the tractor’s hydraulic
system was that the Weed Badger’s hydraulic system would only have to use power to
operate the hydraulic motor running the paddle wheel which led to less stress and power
consumption on the system. The tractor used with the Weed Badger was a John Deere
5101EN with 61.1 kW at the PTO (Easterlund).
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Upon purchase, the Weed Badger 2030 was equipped with a tillage implement
that was designed to remove weeds through cultivation with a weeding head attached to
the Torqmotor ME hydraulic motor. The head was swapped for a paddle wheel that came
out of inspiration from a Michigan State University Special Report used to remove the
soil from hilled-up grapes (Zabadal et al., 2004). The first design worked well but was
too small, so it required two passes on each side of a row to flatten the berms. Zabadal et
al. (2004) stated, “the strategy used with this paddle wheel was to undercut the ridge of
the soil so that soil above the rotating blades of this paddle would then fall into the
paddles and also be removed,” but it was determined that that did not work for the
removal of berms between peach trees because when the paddle was overcome by the soil
it would not remove the soil from the row.
Optimizing the Machine to Completely Flatten the Soil Between Peach Trees in One
Pass on Each Side of the Row
The initial paddle wheel design from Michigan State University’s research in
removing soil from hilled-up grapevines (Figure 2.1) had the following measurements:
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Figure 2.1. Original Paddle Wheel Design
-

Overall Diameter: 49.5 cm

-

Paddle Height: 10.2 cm

-

Paddle Length: 20.3

-

Number of Paddles: 8

-

Metal Thickness: 9.5 mm
The steel used in production of the paddle wheels was ASTM A36 steel which has

a Poisson’s Ratio of 0.29 (Sastry et al., 2019). Poisson’s ratio is a measure of how a
material performs under stress with the transverse strain measured against the
longitudinal strain. The tensile strength of ASTM A36 is 374-590 MPa (Sastry et al.,
(2019). This material is used in a plethora of steel designs as it has good machinability
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and workability. The two subsequent designs involved an increase in the paddle height
and paddle length by 5 cm each, each time. So, design number two had paddle height of
15.2 cm and paddle width of 25.3 cm. This design was used in field trials at Clemson’s
Musser Fruit Research Center, where the berms were made with the specially designed
berm plow, and at field trials at Hyder Farms; at this site, the berms were not made with
the same berm plow and were slightly wider and taller, so a third design was made
increasing the size of the paddles by an additional 5 cm in both height and length. So,
design three had paddle height of 20.2 cm and paddle length of 30.3 cm. The third design
was supported with extra 9.5 mm steel. The three designs are shown together side by side
in Figure 2.2, below.

Figure 2.2. Paddle Wheel designs 1, 2 and 3.
Experimental Designs
Initial testing was done at Clemson’s Musser Fruit Research Center in Seneca,
SC, USA. The first orchard tested in was PF23 peaches planted 6.7 m apart in rows 7.3 m
apart. The second orchard tested in was Guardian seed peaches planted 4.57 m apart in
rows 6.7 m apart. The PF23 trees were planted in Pacolet sandy loam on 15-25% slope
and the Guardians were planted on Cecil sandy loam soil with 2-6% slope. The first two
trials were part of proof-of-concept testing. After installation of technology, more
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preliminary testing was done on berms made specifically for testing that the technology
worked as intended. Both field trials with data collected were performed at Hyder’s Farm
in Campobello, SC on fields that had 2-6% slope with a Cecil Sandy Loam soil according
to NRCS Web Soil Survey. The orchards had an average soil bulk density of 1.93g/cm3.
Trees were planted 6.1 meters apart in rows 6.1 meters apart in both orchards.
Integrating Sensors to Monitor Flow Rate, Pressure Differential and Ground Speed
Sensors were added to the machine and data was collected during the field trials at
Hyder Farms. Sensors added include: an Emlid Reach M2 RTK-GPS receiver and RS2
base station, 2 KAR-TECH 225-200-3007 pressure transducers, a Macnaught MX19F2SE 3/4" flowmeter, an Arduino Uno REV3 data acquisition system, 2 Xbee 2mW series
2C antennas, Gikfun Bluetooth Xbee shield V03 wireless control attached to the data
acquisition system on the machine, and a Waveshare Xbee USB Adapter USB
Communication Board attached to a laptop to wirelessly retrieve data from the Arduino.
The RTK-GPS receiver allowed accurate tracking of the tractor ground speed and known
location of each data line acquired for later evaluation. The pressure transducers allowed
calculation of hydraulic power requirement at the paddle wheel when combined with the
in-line flow meter. The flow meter, along with pressure helping calculate the hydraulic
power requirement, allowed for control of the paddle wheel rotational speed (RPM) in
conjunction with a flow control unit that came with the original Weed Badger. The Xbee
radio components allowed for wireless data transmission. The real time data acquisition
system allowed for collection of data from the Xbee radios.

20

With all the data collected, GPS coordinates recorded with the RTK-GPS system,
combined with the rest of the data collected, were overlaid on Unmanned Aerial Vehicle
(UAV) imagery and Google Earth imagery of the field in ArcGIS Pro for the first and
second field trial, respectively. The UAV used was a DJI Mavic Pro (DJI, Shenzhen,
Guangdong, China) with a MAPIR Survey 3W camera (MAPIR, Inc., San Diego,
California, USA). There were technical difficulties that prevented flying the UAV for the
second field trial1. The UAV and Google Earth imagery was georeferenced in ArcGIS
Pro with ground control points. Then, the .csv files attained from the field trial were
imported as new feature classes. The feature classes were added as tables and the XY
data was displayed on the map by converting the table to points and selecting the two
columns with longitude and latitude to be the X and Y coordinates, respectively.
Boundaries were drawn on the map to represent each zone for both field trials. Next, the
data was “clipped” so only data in the tested zone boundaries was evaluated. To evaluate
the data, the clipped GPS coordinates along with the rest of the data collected for each
zone were exported from ArcGIS as a .csv file then calculations were done to determine
various factors of interest.
Preliminary Testing
Initial testing of the “debermer” was performed at Clemson University’s Musser
Fruit Research Center (Seneca, SC, USA). The initial design was used to remove the soil
between trees planted on berms in two different orchards to determine whether planting
trees on berms alone or the subsequent RCE gave the trees protection from ARR. The

1

The UAV was damaged in operation preventing flying for the second field trial.
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trees were Guardian being grown for seed, and a pathology trial orchard of PF23 peaches.
Both orchards were planted in 2017 and the berm removal and RCE was performed in
2019. Berms were created in the PF23 peaches with a motor grader that pushed the soil
into berms and in the Guardian peaches berms were created with the LF6 levee plow
before modifications to add a roller/packer wheel. Two passes on each side of the row
completely flattened the soil between the trees and RCE was performed immediately after
with an AirSpade 2000.
A second design was developed where a paddle wheel that was 5 cm taller in
depth and 5 cm longer in “paddle” length. Another experiment was carried out to assess
this second paddle wheel. There were no orchards at Musser Fruit Research Center
available for field trials, so berms were made strictly for testing.
First Field Trial
The experimental design for the first field trial in Campobello, SC was a full
factorial design with two variables being tested: tractor ground speed and rotational speed
of the paddle wheel. The response variables that were evaluated were torque requirement
of the paddle wheel and smoothness of the field after treatment (soil finish rating). Each
control variable had three different settings and there were three replications of each of
the nine combinations of the two variables. So, there were 27 “zones” of testing
throughout the field where each “zone” contained 4 trees or 3 tree middles (Figure 2.3).
That is to say, a zone begins at the base of the first tree where the next tree middle was
the first “area of operation” followed by two more “areas of operation” and ending at the
base of the final tree in the zone. Initially, zones 1 and 2 were on the first row, but due to
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technical difficulties2 they were moved to the row following the last zone. Each dot
within the zones represents the location of a data line recorded with the data acquisition
system. As shown in the figure, there were gaps in data recording where satellite signal
was lost momentarily.

Figure 2.3. Field trial 1 orchard map with each zone labeled 1-27.
Each zone was randomly assigned one of nine combinations of ground speed and
rotational speed of the paddle wheel with Excel and random number generation. The nine
possible combinations were listed and replicated three times with an adjacent column in
excel assigned a random number using “=RAND()” then the random number column was

2

Data was not being collected after the first pass in the first zone, so both zones 1 and 2 were moved to the
row following the last zone so the two zones were still together in a row as originally intended.

23

sorted smallest to largest value to randomize the location of each replication, then the
random number column was replaced with the zone label 1-27. See Appendix A for
random number generation and sorting example. The settings and average calculated
ground speed, rotational speed, torque, and soil finish rating (measured with a visual
scale from 1 to 3) for each zone can be seen in Table 2.1 below.

Table 2.1. Field trial day 1 average tractor speed (km/h), paddle wheel rotational speed
(RPM), torque (Nm), and soil finish rating for each zone.
Zone

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Ground Paddle Tractor
Speed
Speed
Speed
Setting Setting (km/h)
2
1
1
3
2
1
1
3
3
3
2
3
3
3
3
2
2
3
1
2
1
1

3
2
2
1
3
3
3
2
2
3
2
3
3
2
1
2
1
1
2
3
1
1

2.10
1.65
1.90
3.25
2.53
1.73
1.94
3.19
3.01
3.24
2.19
2.95
2.89
2.82
3.43
2.29
2.27
2.85
1.57
2.16
1.51
1.64

Measured
Paddle
Speed
(RPM)
199.09
177.33
183.70
144.98
193.12
216.16
222.21
178.08
176.27
206.53
175.89
191.07
215.62
177.40
138.37
187.49
137.58
133.18
177.73
200.86
135.47
135.98
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Measured
Torque
(Nm)

Soil Finish
Rating (1-3)*

27.67
22.17
24.59
53.17
36.00
19.95
20.78
47.66
44.79
38.65
29.63
39.33
32.41
38.70
58.82
29.62
39.67
56.43
23.41
27.00
26.43
28.78

2
2
1
1
3
1
2
2
1
1
2
1
2
1
1
2
1
3
2
1
2
1

Table 2.1 continued…
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1
3
1.49
201.51
18.03
1
24
2
1
2.15
120.24
42.84
2
25
2
2
2.19
163.26
34.04
2
26
1
1
1.49
127.61
29.58
2
27
2
1
2.30
117.71
57.91
2
*Soil finish ratings are scores 1 to 3 with 1 being the worst and 3 being the best.
Testing the Machine in the Field to Determine Ideal Operating Conditions and
Horsepower Requirements
The three ground speeds were changed by changing gears in the tractor to
maintain a constant speed of the tractor’s PTO of 540 RPM. The three gears used were
A1, A2 and A3. The tractor speed data collected with two different RTK-GPS receivers
during the two field trials had different values although the actual speeds were the same.
To correct this issue and ensure the data was consistent, correction factors were
developed for each ground speed on each field trial day using the estimated tractor speeds
in each gear provided in the owner’s manual. The original measured speed averages,
estimated tractor speed from the manual, correction factors used and new speed averages
can be found in Table 2.2 below. With the correction factor applied average operating
ground speeds of approximately 1.66 km/h, 2.24 km/h and 3.07 km/h, for gears A1, A2,
and A3, respectively, were obtained.
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Day 2

Day 1

Table 2.2. Measured speed was corrected using a correction factor based on the owner’s
manual’s estimated speed.
Tractor Gear
A1
A2
A3
Average Speed (km/h)
0.267 0.352 0.474
Correction Factor
6.164 6.382 6.455
Corrected Average Speed (km/h)
1.646 2.248 3.063
Average Speed (km/h)
0.551 0.710 0.984
Correction Factor
2.988 3.165 3.113
Corrected Average Speed (km/h)
1.646 2.248 3.063
Owner’s Manual Estimated Speed (km/h)
1.650 2.255 3.080

The rotational speed of the paddle wheel (RPM) was changed with an analog flow
control valve that came installed on the original Weed Badger. The three flow rate
settings (low, medium, and high) read by the installed electronic flowmeter provided
average flow rates of 37.1, 49.6, and 57.2 L/min, respectively. The paddle wheel speed
was adjusted by the flow rate. In order to determine the rotational speed of the paddle
wheel, calculations were made with the known hydraulic motor (Torqmotor ME)
displacement of 280 cm3/revolution and the measured hydraulic flow rate in L/min.
Equation 2.3 was used to calculate rotational speed (RPM) of the paddle wheel. So, with
37.1, 49.6, and 57.2 L/min of flow rate, the three rotational speed settings were
approximately 132.35 RPM, 177.46 RPM and 205.13 RPM, respectively.
Second Field Trial
The orchard used in the second trial was nearly identical to the first trial with the
same Cecil Sandy Loam soil with 2-6% slope, trees planted 6.1 m apart in rows 6.1 m
apart. The second field trial with data collection performed at Hyder Farms in
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Campobello, SC involved operating the machine in one setting for most of the data
collection with each of the other combination of settings tested to evaluate the difference
between the second paddle wheel design and the third design that was used in this field
trial. The ideal operation settings from the initial field trial at Hyder’s Farm were
determined to be ground speed setting 3, or an average speed of 3.07 km/h and rotational
speed setting 2 or approximately 177.46 RPM. The settings mentioned above were used
for 6 of the 11 rows with the other 8 combinations divided between the remaining 5 rows
as seen in Table 2.3. Figure 2.4 below shows the layout for field trial 2. Though the
analog setting of the hydraulic flow meter was set to what was determined to be 177.46
RPM in the first field trial, the average rotational speed in the second field trial in the
same setting was approximately 157.45 RPM. This shows that the analog hydraulic
flowmeter may not be as precise as may be desired. Another possibility is that the draft of
the larger paddle wheel slows the rotational speed.
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Figure 2.4. Layout of field trial 2. Zones 1-25 were the predetermined best settings of
ground speed 3 and rotational speed 2.
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Table 2.3. Field trial day 2 average tractor speed (km/h), paddle wheel rotational speed
(RPM), torque (Nm), and soil finish rating for each zone.
Zone

Ground
Speed
Setting

Paddle
Speed
Setting

Tractor
Speed
(km/h)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
1
1
1
2
2
2
2

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

3.10
3.07
3.26
3.27
3.04
2.97
2.87
2.69
2.99
3.02
3.32
3.10
3.13
3.05
2.87
2.94
2.68
3.01
3.12
3.09
3.12
3.04
3.00
2.96
2.75
1.63
1.65
1.68
2.22
2.24
2.19
2.08
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Measured
Paddle
Speed
(RPM)
165.32
156.06
153.05
151.25
159.78
152.41
147.40
130.85
154.39
160.46
158.01
149.24
162.38
174.31
161.29
161.32
165.08
159.93
142.07
145.58
169.74
168.44
157.70
110.04
144.23
175.57
181.78
148.77
171.23
173.10
173.18
154.36

Measured Soil Finish
Torque Rating (1-3)*
(Nm)
100.08
106.48
129.52
124.70
103.47
120.27
124.73
183.43
110.84
101.68
124.20
129.89
102.19
89.41
96.49
93.99
84.91
115.20
126.15
121.27
95.29
93.60
104.76
183.67
135.68
49.19
46.93
98.61
67.95
71.64
64.98
85.89

2.5
2.0
1.5
2.0
2.5
2.0
3.0
1.5
2.0
1.5
3.0
2.5
2.0
3.0
3.0
3.0
2.5
1.5
2.0
2.0
3.0
3.0
2.5
1.5
2.0
1.0
2.0
1.0
2.5
2.0
3.0
2.0

Table 2.3. continued…
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1
3
1.58
176.37
52.08
1.5
34
1
3
1.62
207.87
41.57
2.0
35
1
3
1.72
205.61
43.83
2.5
36
2
3
2.38
173.13
81.33
2.0
37
2
3
2.29
187.77
64.46
2.0
38
2
3
2.18
199.24
56.85
2.0
39
2
3
2.15
184.95
65.56
1.5
40
2
3
2.23
170.78
95.60
1.0
41
3
3
3.02
182.92
107.88
2.5
42
3
3
3.16
201.15
80.60
2.5
43
3
3
3.14
208.88
77.04
2.5
44
3
3
3.20
187.69
89.58
3.0
45
3
3
3.01
212.43
73.29
2.5
46
3
3
2.97
168.37
127.10
2.5
47
3
3
3.09
188.22
116.84
2.0
48
2
1
2.38
120.61
107.06
2.5
49
2
1
2.38
125.70
96.45
2.5
50
3
1
3.32
121.18
145.65
2.0
51
3
1
3.15
98.34
178.69
2.0
52
3
1
3.44
97.72
220.24
1.5
53
1
1
1.61
118.59
86.79
2.0
54
1
1
1.70
119.61
91.76
1.5
*Soil finish ratings are scored 1 to 3 with 1 being the worst and 3 being the best.

There were some challenges during this field trial that hindered the performance
of the machine to an extent. There were numerous weeds on the berms (Figure 2.5) which
made the machine stall at times. Also, the moisture content of the soil was slightly higher
than the initial field trial which in turn increased the weight of the soil the paddle wheel
was pushing against. The increased weight of the soil increased the force needed to
overcome the soil resistance by the paddle wheel. However, the larger (third design)
paddle wheel performed better than the previous designs.
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Figure 2.5. Weeds covering the berms on field trial 2.

Data Analysis
The data collected via the data acquisition system had outputs for ground speed,
rotational speed of the paddle wheel, longitude and latitude, tractor speed in kilometers
per hour (miles per hour), pressure line voltage and return line voltage that was converted
to pressure line and return line pressure, measured flow rate in liters per minute (gallons
per minute) and calculated hydraulic power. The first column added was the soil bulk
density which had an average of 1930 kg/m3 from ten soil samples. Soil bulk density was
measured at Clemson University’s Agricultural Service Lab. Further calculations were
done with the end goal of determining the torque and power requirements. The first
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calculations were converting the measured tractor speed from miles per hour to meters
per second then to kilometers per hour using ASABE unit standards for conversion.
Next, real time rotational speeds of the paddle wheel were calculated with the
known flow rate in liters per minute and known displacement of the Torqmotor ME
hydraulic motor using Equation 2.1, then revolutions per minute were converted to
revolutions per second by dividing the rotational speed by 60 for further calculations:

𝑄

𝑁𝑚𝑖𝑛 = 𝐷

(2.1)

Where,
Nmin = Rotational speed of the paddle wheel (RPM)
Q = Flow rate (L/min)
D= Displacement of hydraulic motor (cm3/rev)

Soil removal rate in m3/s (Equation 2.2) was calculated by multiplying the tractor
speed in meters per second by the area of each paddle wheel paddle, which for design 2
was 0.03871 m2 and for design 3 the area was 0.06194 m2. The soil removal rate
equations assume that the paddle surface was 100% full for calculation purposes.
However, this was not always the case as most tillage operations have variability.

𝑄𝑠 = 𝑣 ∗ 𝐴

(2.2)

Where,
Qs = Soil removal rate (m3/s)
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v = Tractor ground speed (m/s)
A = area of paddle (m2)

Next, soil removal rate in terms of kilograms per second was calculated by
multiplying the soil removal rate in m3/s by the soil bulk density in kg/m3 using Equation
2.3:
𝑀𝑠 = 𝑄𝑠 ∗ ρ𝑏

(2.3)

Where,
Ms = Soil mass removal rate (kg/s)
ρb = Soil bulk density (kg/m3)

Soil removal rate in terms of kilograms per revolution was then calculated by
dividing the removal rate in kilograms per second by the calculated rotational speed
(rev/s) using Equation 2.4:
𝑀𝑟𝑒𝑣 =

𝑀𝑠

(2.4)

𝑁𝑠

Where,
Mrev = Soil mass removal per revolution (kg/rev)
Ns = Rotational speed of paddle wheel (rev/s)

Torque (Nm) was calculated by multiplying the kilograms per revolution by the
hydraulic radius (Equation 2.6) of the paddle wheel by 9.81 m/s2, or the acceleration due
to gravity to represent the weight of the soil (Equation 2.7) The hydraulic radius was
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calculated by dividing the area of each paddle of the paddle wheel by the wetted
perimeter (Equation 2.5). The wetted perimeter formula used was taken from Tevata and
Inprasit’s (2011) calculations for a water wheel used to generate power and the
determined effect of the number of paddles on the power generated.
𝑃𝑤 =

2∗𝜋∗𝐿

(2.5)

𝑛

Where,
Pw = Wetted perimeter (m)
L = Length of each paddle (m)
n = Number of paddles (8)

𝑟ℎ =

𝐿∗𝐻

(2.6)

𝑃𝑤

Where,
rh = Hydraulic radius (m)
H = Height of each paddle (m)

𝑇 = 𝑀𝑟𝑒𝑣 ∗ 𝑟ℎ ∗ 𝑔

(2.7)

Where,
T = Torque (Nm)
g = Acceleration due to gravity, (9.81 m/s2)
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Finally, the power in Watts was calculated by multiplying 2π by the torque by the
rotational speed of the paddle wheel in revolutions per second (Equation 2.8). All these
equations can be found in Appendix B.
𝑃 = 2𝜋 ∗ 𝑇 ∗ 𝑁𝑠

(2.8)

Where,
P = Power required (W)
Statistical Analysis
JMP®, Version 16, (SAS Institute Inc., Cary, NC, 1989–2022) was used to
analyze data with response surface methodology. The data tables created from the above
equations were inserted into JMP® and analysis was performed by developing prediction
equations to estimate the torque, and soil rating based on the data collected using
response surface methodology which showed the effect of each variable independently as
well as how the control variables work together to create an outcome for each response
variable.
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CHAPTER THREE
RESULTS
First Field Trial Results
Results from the first field trial at Hyder Farms led to the determination that a
larger paddle wheel was needed to completely remove the soil between the peach trees in
one pass on each side of the row. In some cases, the row would be completely leveled,
but oftentimes there would be a small 5-10 cm ridge left behind as seen in the digital
elevation model (DEM) images in Figure 3.1 below. The image on the right has arrows
pointing to the small ridge left behind.

Figure 3.1. Digital Elevation Model before (left) and after (right) the berm removal.

However, in collecting data, determination of ideal operating ground speed and rotational
speeds of the paddle wheel from the settings tested was possible. Contour plots were used
to display the results of data analysis as the contours can be more clearly seen than in a
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response surface model. The contour plot in Figure 3.2 below shows an increase in
tractor ground speed increased the soil rating with higher rotational speeds giving even
better soil finish ratings. Figure 3.3 shows that higher revolutions per minute decreased
the torque requirement on the paddle wheel. Looking at the two contour plots together it
was determined that minimization of the torque requirement and maximization of the soil
rating can be accomplished at a higher ground speed of over 4 km/h and a rotational
speed of 175-200 revolutions per minute. Figure 3.4 shows to decrease the torque, while
retaining a high soil rating, rotational speed should be increased.
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Figure 3.2. Tractor ground speed and paddle wheel rotational speed in relation to soil
rating on a scale of 1 to 3.
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Figure 3.3. Tractor ground speed and paddle wheel rotational speed in relation to torque
requirement.
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Figure 3.4. Paddle wheel torque requirement and paddle wheel rotational speed shows
higher rotational speed of paddle wheel decreased torque and increased the soil rating.

Second Field Trial Results
The second field trial at Hyder Farms allowed testing of the predetermined ideal
operating tractor speed and rotational speed of the paddle wheel and the third and final
paddle wheel design. The final paddle wheel design completely removed the berm in one
pass on each side of the row in most cases. In some cases, the berms were much wider
than most. Figures 3.5, 3.6 and 3.7 show ground speed and paddle wheel speed in relation
to soil rating, ground speed and rotational speed of paddle wheel in relation to torque
requirement and required torque and rotational speed in relation to soil rating,
respectively.
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Figure 3.5. Ground speed and paddle wheel rotational speed in relation to soil rating (1-3)
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Figure 3.6. Ground speed and paddle wheel rotational speed in relation to torque
requirement.
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Figure 3.7. Torque requirement and rotational speed in relation to soil rating shows an
increase in rotational speed led to a lower torque requirement and better soil rating.
The majority of the problems causing the soil to not be smooth was the result of a
stall in the machine where the paddle wheel would not rotate at the speed setting it should
be rotating in. Analysis was conducted to determine the number of stalls in data
collection. A data line was determined to have a stall if the rotational speed dropped
below 50 RPM, a slight stall designation was given if the rotational speed was between
50 and 100 RPM and a designation of no stall was given if the rotational speed was above
100 RPM. In field trial 1 there were 1,254 data points and 0.8%, 3.19% and 96.01% were
given stall, slight stall, and no stall designations, respectively. The mean torque for each
designation was 153.28 Nm, 75.26 Nm and 29.86 Nm, respectively. With 5,245 data
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points for field trial 2, 3.39% received a stall designation, 5.89% received a slight stall
designation and 90.71% received a no stall designation. The torque increased drastically
when there was an incidence of stalling. When under a stall designation the average
torque was 396.42 Nm. Slight stall designations had an average torque of 210.83 Nm, and
no stall designations had an average torque of 77.94 Nm. These values can be found in
Table 3.1 below.

Table 3.1. Stalls in paddle wheel rotation increase the torque drastically.
Designation
Total
Percentage
Torque
(%)
(Nm)
Day 1
Stall
10
0.80%
153.28
Slight stall
40
3.19%
75.26
No Stall
1204
96.01%
29.86
Day 2
Stall
178
3.39%
396.42
Slight stall
309
5.89%
210.83
No Stall
4758
90.71%
77.94

There was a larger increase in the torque between field trial 1 and field trial 2 due
to the increase in paddle wheel size. Paddle wheel design 3, being larger in length and
width, than paddle wheel design 2 had higher torque requirements. Table 5 below shows
the distribution of the torque requirements for the two different paddle wheel designs. As
shown, there was over a 300% increase in torque requirement throughout the range as
well as over a 380% increase in the standard deviation between the two designs. While
the third paddle wheel design worked well, the increase in torque may be a cause of
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concern for long term use as wear on the hydraulic motor and other components will
occur more rapidly under higher torque.

Table 3.2. Increase in torque (Nm) between paddle wheel designs 2 and 3.
Paddle Torque (Nm)
Distribution
Design 2
Design 3
Percent Change
(%)
Maximum
290.40
889.59
306.34%
75% Quartile
37.33
104.27
279.35%
Median
27.88
78.35
281.02%
25% Quartile
20.80
56.25
270.47%
Minimum
3.99
14.49
363.65%
Mean
32.30
96.58
299.04%
Standard
20.69
78.92
381.38%
Deviation
Range
286.41
875.10
305.54%
Average increase from
310.85%
design 2 to design 3:

Regardless of the problems with the presence of weeds hindering the operation,
the paddle wheel design effectively removed the soil between trees planted on berms. The
rotational speed of the paddle wheel played a greater role in reducing the torque and
power requirement and increasing the smoothness of the soil than did the tractor speed.
At higher rotational speeds of the paddle wheel the soil was left flatter, and the torque
and power requirements were reduced. With the final design it was determined to operate
the machine at rotational speeds from 160 RPM to 200 RPM and a tractor ground speed
comfortable for the operator depending on the field conditions.
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CHAPTER FOUR
DISCUSSION
Overall, the goal of designing a more effective, mechanized, method of removing
soil between peach trees planted on berms was accomplished. The implement designed
successfully removed the soil, and the ideal tractor speed and paddle wheel rotational
speed among the three tested settings were determined. By increasing the paddle wheel
rotational speed, the torque requirement was decreased since the paddle wheel
encountered less resistance with each revolution because it was moving less volume of
soil per revolution. The rotational speed played a larger role both in the reduction of
torque requirement and increasing the soil rating than did the tractor ground speed. This
method of removal is more effective than all other methods available to growers currently
in that the debermer was optimized so only one pass on each side of the row is required to
flatten the soil. The debermer only requires one laborer, takes less time, and leaves less
damage behind than other options of berm removal available to growers.
While there were high soil ratings at high tractor speeds, there is a learning curve
to operating this machine as with most agricultural machinery, so smooth soil surface
may not be accomplished at higher speeds in all scenarios. Soil variability may lead to
slower tractor speeds being more desirable. Orchards that are free of weeds and sudden
dips or inclines would be conducive to higher tractor speeds, while weed covered berms
and rough terrain would be better suited for slower tractor speeds. For instance, if an
orchard has several holes and/or rocks that would cause one side of the tractor to lower or
raise, it is difficult to retract the hydraulic cylinder away from the trees and adjust the
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height of the implement while moving at a higher speed. An improvement that could be
made on the paddle wheel would be adding a self-leveling or draft control element near
the paddle wheel so minor inconsistencies in the soil levelness or obstructions like rocks
can be overcome. One of the biggest problems in the field trials was the sudden dip of the
right side of the tractor that would lead to the paddle wheel digging into the berm
abruptly. This led to brief stalls in the rotation of the paddle wheel that drastically
affected the performance of the paddle wheel. A wheel mounted on a spring that would
raise the paddle wheel up when a dip occurs, but not keep the paddle up too much during
uninhibited operation would be beneficial. There were also cases of sudden raising of the
paddle wheel such as a tractor tire going over a rock or rise in the ground level which
could be addressed. The feature on the 4000 series that allows moving of the entire arm
up and down would help with this issue and installation of a draft feature that could sense
the need to raise upon impact of an obstacle would be ideal.
The design of the paddle wheel itself could potentially be improved as well. The
three paddle wheel designs in this study were all perpendicular to the ground and all had
eight paddles spaced evenly. There is potential that less or more paddles would be more
efficient. There is also potential that angling the paddles would lead to cleaner throwing
of the soil or cleaner entry into the berm upon extension of the hydraulic cylinder.
Cost of Debermer Implementation
The Weed Badger 2030 used in this study was purchased and shipped from
Colorado to South Carolina. The total cost of the machine was $2 900. Weed Badger is
no longer in business but used Weed Badgers can be found throughout the United States
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for purchase. Prices for used Weed Badgers range from $900 to $6 000. The Weed
Badger 4000 series models come with a hydraulic lift and tilt feature that moves the
entire arm of the machine, which would work well for use in removing soil between
peach trees planted on berms. If a Weed Badger or other similar machine cannot be found
– construction of a debermer is possible with the work done in this study. A 60 kW
tractor is found on most peach farms already and is more than suitable for this operation.
Specifications given on torque and rotational speed requirements allow for construction
with alternative components. The paddle wheel design can be created at most fabrication
businesses. The cost of the final paddle wheel design was $736 at a local fabrication
shop. All in all, with a working Weed Badger and having a paddle wheel built, a
debermer can be implemented for around $4 000. Singerman et al. (2017) estimate that
the total investment in machinery and irrigation for a newly established 40.7 ha (100
acre) peach operation is $15 865 per ha ($6 457 per acre). So, a $4 000 investment in
equipment that would save labor costs for berm removal, decrease the likelihood of
worker injury, and increase the efficiency of fertilizer and herbicide applications is an
inconsequential investment.
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CHAPTER 5
CONCLUSIONS
•

The machine was optimized to completely flatten the soil between peach trees
planted on berms.

•

The size of the paddle wheel used on the debermer depends on the size of the
berm created and how they were made.

•

The tractor ground speed used depends on the operator’s experience and
conditions of the field.

•

A higher rotational speed was determined to result in lower torque requirement
and higher soil finish rating.
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CHAPTER 6
FUTURE WORK
To further optimize this implement there are some additions and improvements to
the current design that can be made. For instance, auto retract and extend of the hydraulic
cylinder to move the paddle wheel into the row and away from trees would free a hand of
the operator giving him or her better control of the tractor. Auto retract and extend can be
accomplished via a mechanical pressure sensor combined with a rod that would contact
the tree and retract the hydraulic cylinder before the paddle wheel nears the tree’s root
system and extend the hydraulic cylinder once the paddle wheel has passed the tree.
Another option would be to use laser or LiDAR to detect the tree’s presence and extend/
retract the paddle wheel.
As far as improving the overall performance of the machine, an oil cooler may be
added to ensure overheating of the hydraulic fluid is prevented. The field trials performed
only covered two acres each day and the hydraulic reservoir was warm to the touch after
operation. If the machine is operated on a commercial scale overheating of the hydraulic
fluid may be a cause of concern. In addition, the analog flow control valve could be
replaced with a digital flow control valve for more accurate and minute adjustments to
the rotational speed of the paddle wheel.
Enhancing the debermer to achieve root collar excavation in one pass on each side
of the row would make this machine complete. There were discussions of using
pressurized air as the AirSpade does or high pressure and/or high volume of water to
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remove the soil around the root collar of the peach trees in the design process. This would
require water or compressed air supply and would be difficult to achieve on the frame of
the Weed Badger. Nylon brushes from a gutter broom used for street sweeping were
briefly trialed and determined not suitable, but alternative brush types may be effective.
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Appendix A
Calculations for Data Analysis
Tractor Speed Conversion:
𝑚

𝑇𝑟𝑎𝑐𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑 (

𝑇𝑟𝑎𝑐𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑 ( 𝑠 ) = (

2.23694

𝑚𝑖
)
ℎ𝑟

)

𝑘𝑚
𝑚𝑖
𝑇𝑟𝑎𝑐𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑 ( ) = 𝑇𝑟𝑎𝑐𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑 ( ) ∗ 1.609344
ℎ𝑟
ℎ𝑟
Revolution speed:
𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑃𝑎𝑑𝑑𝑙𝑒 𝑊ℎ𝑒𝑒𝑙 (𝑅𝑃𝑀) =
𝑖𝑛3
)
𝑔𝑎𝑙

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (𝐺𝑃𝑀)∗231(

𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑀𝑜𝑡𝑜𝑟 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 (17.1

𝑖𝑛3
)
𝑟𝑒𝑣

Removal Rate:
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 (

𝑚3
𝑚
) = 𝑇𝑟𝑎𝑐𝑡𝑜𝑟 𝑆𝑝𝑒𝑒𝑑 ( ) ∗ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑃𝑎𝑑𝑑𝑙𝑒 (𝑚2 )
𝑠
𝑠

𝐾𝑔
𝑚3
𝑘𝑔
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 ( ) = 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 ( ) ∗ 𝑆𝑜𝑖𝑙 𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ( 3 )
𝑠
𝑠
𝑚
𝑘𝑔
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 ( 𝑠 )
𝑘𝑔
)=
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 (
𝑟𝑒𝑣
𝑅𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
Wetted Perimeter:
𝑃𝑤 (𝑚) =

2 ∗ 𝜋 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑝𝑎𝑑𝑑𝑙𝑒 (𝑚)
8 𝑝𝑎𝑑𝑑𝑙𝑒𝑠

Hydraulic Radius:
𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑅𝑎𝑑𝑖𝑢𝑠 (𝑚) =

𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑃𝑎𝑑𝑑𝑙𝑒 (𝑚) ∗ 𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑎𝑑𝑑𝑙𝑒 (𝑚)
𝑃𝑤 (𝑚)
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Torque:
𝑘𝑔

𝑚

𝑇𝑜𝑟𝑞𝑢𝑒 (𝑁𝑚) = 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 (𝑟𝑒𝑣) ∗ 𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑅𝑎𝑑𝑖𝑢𝑠 (𝑚) ∗ 9.81 (𝑠2 )
Power:
𝑃𝑜𝑤𝑒𝑟 (𝑊) = 2𝜋 ∗ 𝑇𝑜𝑟𝑞𝑢𝑒(𝑁𝑚) ∗ 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑝𝑒𝑒𝑑 (
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𝑅𝑒𝑣
)
𝑠

Appendix B
Random Number Generation for Randomized Design in Excel
Zone
Ground Speed RPM
=RAND()
1
0.563351626
1
0.681142068
1
0.625757298
2
0.719323047
2
0.348330423
2
0.085933434
3
0.917881711
3
0.059587749
3
0.832639411
1
0.650444788
1
0.421841843
1
0.748422903
2
0.390132704
2
0.501133372
2
0.62988017
3
0.289025529
3
0.977540714
3
0.729137722
1
0.478482493
1
0.009347479
1
0.347129748
2
0.905294788
2
0.209004543
2
0.41909003
3
0.955212962
3
0.671151079
3

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

Figure A-1: First type 9 possible combinations with three replications, and use excel formula “=RAND()”
in the adjacent column.
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Figure A-2: Next sort and expand selection to include Ground Speed and RPM setting columns.
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Zone
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Ground Speed RPM
2
2
1
1
1
1
2
3
2
2
1
3
1
3
3
2
2
3
2
3
3
3
2
1
1
3
1

Figure A-3: Finally, replace random values with zone numbers 1-27.
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3
3
2
1
1
3
1
3
2
2
3
1
2
2
1
1
3
3
1
3
2
2
2
3
1
1
2
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